INTRODUCTION
That DNA in ancient specimens could be extracted and characterized was first demonstrated in nonhuman material in 1984 by Higuchi and colleagues, who identified nucleic acids from a museum specimen of the extinct quagga and showed its phylogenetic affinity to modem zebra (Higuchi et al 1984) . A year later, Paabo (1985a Paabo ( ,b, 1986 ) obtained DNA sequence data from a 2400-year-old Egyptian mummy. This result was surprising not only for its demonstration of the remarkable antiquity for which molecular genetic analysis was apparently possible, but also for the large DNA fragment sequenced (>3 kb). Both of these early efforts relied on extracting ancient (a)DNA fragments, cloning fragments into a vector, and subsequent sequencing of the cloned fragments. Following the nearly simultaneous development of the polymerase chain reaction [PCR (a molecular technique that uses the complementary nature of DNA bases and an enzyme involved in DNA replication to produce millions of copies of a single, specific DNA target
EXTRACTION METHODS
Prior to extraction, potential surface contamination of samples should be removed. The surface layer can be removed by scalpel or dremel/drill abrasion, briefly UVirradiated, or soaked in 5% sodium hypochlorite (bleach). Regardless of tissue, reduction of the sample material should be completed prior to addition of an extraction buffer in order to provide as much contact surface area as possible for extraction enzymes and reagents. This is accomplished by reducing the sample chemically or mechanically. Mechanical reduction may be achieved by grinding the sample in a coffee grinder, mill, ball-bearing shaker, or mortar and pestle. Freezing the sample in liquid nitrogen may help this process, but the sample must be placed in a sealed bag prior to submersion since liquid nitrogen can be a source of DNA contamination (Fountain et al 1997) . A potential concern with powdering skeletal samples is the extra manipulation of the samples, and the creation of increased sample surface area for the binding of contaminating DNA molecules. Despite such concerns, there have been few reports of increased contamination with moder DNA by those using this method. Bone samples also can be chemically reduced by decalcification in EDTA with agitation or rotation for 72 hours, changing the solution every 24 hours. Following this method, small bone fragments can be completely digested overnight in a proteinase K (PK) extraction buffer without the need for mechanical reduction (O'Rourke et al 1996, 1999).
aDNA extraction methods borrow heavily from forensic protocols (see review in Parsons & Weedn 1996) , and use one of two approaches: proteinase K/phenolchloroform or silica based extraction protocols. Proteinase K chemically reduces proteins in a sample with a protease (Blin & Stafford 1976) and unlike other proteases its activity is not inhibited by EDTA remaining from decalcification protocols. Extraction buffers also include various detergents or surfactants to emulsify the lipids and/or aid in the digestion of proteins (see Sambrook et al 1989) . The addition of 1.0-2.0 ml extraction buffer to a small amount of sample (0.5-1.0 g) is sufficient to digest the protein in several hours at moderate temperatures (50-60?C) with rotation or agitation. Equal volumes of equilibrated phenol and DNAcontaining post-PK digestion solution are combined, vortexed, and centrifuged to separate the aqueous and organic phases (phenolic), and the supernatant is removed to a fresh tube. Since DNA is an acid, it remains dissolved in the aqueous phase, whereas most other compounds commonly found in the tissue source and surrounding contextual matrix remain in the organic phase. This process is repeated once with 25:24:1 phenol:chloroform:isoamyl alcohol, and again with 24:1 chloroform:isoamyl alcohol. Carryover of organic solvents to subsequent extraction and amplification stages must be prevented since they either inhibit PCR or cause sample loss (by destroying micro-concentrator filters). The final aqueous phase is concentrated on a micro-concentrator to remove macromolecules less than 30,000 MW in size. Unfortunately, this also concentrates co-extracted PCR inhibitors along with the DNA. The concentrate is subsequently ethanol (or isopropanol) precipitated and the pellet redissolved in mild TE buffer. Hanni et al (1995) suggest substituting isopropanol for ethanol, because it has a greater selectivity for DNA (Sambrook et al 1989) . They also report that isopropanol is more efficient at removing the brown-colored PCR inhibitor suspected to be Maillard products (Poinar et al 1998 (GuSCN) . GuSCN, like PK, has the ability to lyse proteins, and acts as a chaotropic agent facilitating the binding of DNA to silica particles. After incubation at moderate temperatures (-60?C) for several hours, the solution is centrifuged to pellet any remaining cellular debris. An aliquot of the supernatant is added to an equal volume of a silica suspensioncontaining GuSCN extraction buffer and briefly re-incubated. After centrifugation the silica pellet is washed once in a modified GuSCN extraction buffer, twice with ethanol, and once with acetone. The pellet is then re-dissolved in mild TE buffer. The advantage of this protocol is that it removes the necessity of a fume hood for handling the highly toxic phenol and chloroform vapors. It is also less likely to co-extract PCR inhibitors; but silica itself is a strong PCR inhibitor, so care must be taken to remove all silica during the washes. Also, due to its extreme affinity for DNA, the GuSCN can easily become contaminated with modem nucleic acids. Several silica-gel-based DNA extraction kits have been used to extract ancient DNA (Cano & Poinar 1993, Tuross 1994, Zierdt et al 1996, Yang et al 1998). Comparison of various combinations of phenol-chloroform extraction and one such silica-gel kit (Qiagen Qiaquick preps) indicated PK digestion followed by Qiaquick column purification yielded better results than phenol-chloroform extraction alone (Yang et al 1998). The silica-gel spin columns act as a concentrator, removing pigmentation commonly left behind after phenol-chloroform extraction, but they are limited in the amount of solution that can be loaded into them at one time. This could be problematic because increased handling/processing of the DNA solution creates additional opportunities for contamination or sample loss. Although PK-based extraction methods may result in greater DNA yields, silica guanidinium protocols often result in higher amplification success rates and fewer PCR inhibitors (Cattaneo et al 1997).
SOURCES OF aDNA
Any substance of biological origin is a potential candidate for aDNA recovery, although some are more successful than others are.
Bone
Bone is generally considered an optimal aDNA source because the binding of DNA to hydroxyapatite slows DNA degradation. Experimental results support the notion that DNA yields from bone exceed those from soft tissue (Tuross 1994 
Teeth
Using teeth as sources of aDNA has the advantage of multiple, independent samples per individual. Teeth without caries should be chosen because dental caries allow contaminating DNA to enter the pulp cavity. Using unerupted teeth further reduces this risk. Two preparatory methods are commonly used for aDNA extraction from teeth. The first is simply powdering the tooth; the second requires sectioning the tooth prior to removal of the pulp cavity (e.g. Drancourt et al 1998, Merriwether et al 1994). The latter method permits gluing the tooth back together following pulp removal and, therefore, is less destructive. Powdered teeth yield either a white-or brown-colored powder, although the difference is unrelated to amplification success (Drancourt et al 1998). Powdering the entire tooth yields more DNA than does sectioning to access the pulp cavity, although the former produces more degraded DNA than the latter does (Smith et al 1993) . A third method, endodontically accessing the pulp cavity (i.e. root canal), is not recommended (Smith et al 1993) because it is difficult to obtain the interior tissue efficiently.
Soft Tissue
If soft tissue is to be used as source material, subsurface tissue should be selected whenever possible to reduce contamination from handling. 
Ethical and Legal Issues in Sampling
Opposition to skeletal analyses from around the world (e.g. United States, Australia, Israel) for cultural, religious, and political reasons impedes access to research samples and makes ethical, legal, and social issues paramount in aDNA research (Webb 1987 Researchers on ancient DNA need to be keenly aware of the local legal ramifications of, and restrictions on, their work (in the United States, the Native American Graves and Repatriation Act, PL 101-601), and no single strategy for gaining access to research materials can be offered. Nevertheless, we feel strongly that initiating open discussions, and obtaining appropriate permissions, prior to initiating aDNA research projects precludes adversarial conflicts later and facilitates future research access. We also believe that researchers have an obligation to use scientific principles to protect sample materials that are in the public trust, and which are of sufficient antiquity to not be reliably associated with modem populations. We should recognize, however, that results of aDNA analyses may be used to extend the time frame by which ancestral/descendant relationships may be plausibly demonstrated or inferred. These issues are likely to become more, rather than less, important or complicated and should be given equal attention as experimental design. If possible, labs for aDNA analyses should be dedicated to this purpose. Eliminating research on moder samples in an aDNA laboratory eliminates a prime source of moder template. Even routine use of positive moder controls in aDNA amplification experiments should be minimized. In addition to a dedicated lab, different activities should be carried out in different rooms or different labs to minimize the possibility of contamination. Certainly PCR-preparation activities should be spatially separate from amplification and post-PCR areas. Increasingly, PCR-preparation areas are HEPA-filtered, positive-pressured areas that may be isolated from other laboratory procedures. Our lab performs PCR preparation in a sterile, positive-pressure bench-top enclosure with a HEPA-filtered air supply that is located in an isolated room in a separate lab that has its own HEPA-filtered, positive-pressure air supply and UV cross-linker. The enclosure also has an intemal UV light that is routinely used to cross-link the work surface, tubes, racks, pipettors, and some reagents prior to each PCR setup. Even the polymerase and primers may be briefly irradiated to cross-link surface contaminants, but overirradiation will inactivate the primers and kill the PCR reaction. All equipment should all be dedicated to aDNA research, and all benches should routinely be cleaned with bleach or DNase, or cross-linked with UV-irradiation. We also crosslink the heating block of the thermal cycler 20-30 min prior to each amplification to help minimize carry-over contamination. All aDNA manipulations should be done by gloved (preferably double-gloved), masked, sleeved, and coated technicians.
AMPLIFICATION METHODS
Monitoring for contamination in individual experiments is accomplished by the use of multiple negative controls. These should be done for the extraction as well as each PCR experiment. Negative controls are simply tubes to which no DNA sample is added, but which are processed through all the steps of extraction and amplification as if they contained sample. The presence of amplified target in any of these negative control samples is evidence of contamination, and the experiment must be repeated. We advocate the use of multiple negative control samples, especially for PCR preparation, as the presence of contaminants may be subtle and nonuniform. Use of multiple controls increases the likelihood of detecting even small, random cases of contamination. We suggest routine use of both open and closed controls during PCR preparation. Open controls are tubes to which no DNA is added but that remain open throughout the PCR setup procedure, being closed only once all the regular sample tubes are closed and ready for transport to the thermal cycler. Closed tubes contain all the reagents for PCR (except for sample template), but they remain closed during PCR sample preparations. These two control types effectively distinguish contamination due to contaminated reagents versus that introduced during the PCR setup phase (i.e. carry-over contamination).
Replication of initial results is imperative. Ideally, replicates should be done by another laboratory (e.g. Krings et al 1997), but this is frequently not possible because of cost. Replicates in the same laboratory should be done by using separate extractions from a different skeletal element (or tooth) than was used for the original extraction and amplification. The replicate experiments should also be conducted at least several weeks or months apart. Without replication, aDNA results should be considered provisional. The results of aDNA research should also make phylogenetic sense (Handt et al 1994a), although this is more problematic for work with human aDNA. In human samples, the genetic similarity between the ancient sample and likely descendant populations should make sense. All laboratory personnel should be typed and sequenced for all markers for which the sample is being examined to facilitate identification of modem, laboratory-introduced contaminants. Others who have handled the sample(s), such as museum personnel, excavators, etc, should also be typed if they can be identified. Finally, if initial template copy number is low (< 100), PCR errors may accumulate and contribute a substantial amount to the final PCR product (Handt et al 1996) . These amplified sequences might be recognized as sequence heterogeneity, but they can be detected by directly sequencing cloned PCR amplicons, which can also detect contamination (e. , not all primer sets are likely to be successful on every sample. This complicates the computation of haplogroup frequencies and results in haplogroup and marker frequencies that are discordant. This is an unfortunate reality in working with degraded nucleic acids, and it makes comparisons across samples, both ancient and moder, difficult. This is being relieved somewhat by the increasing reliance on sequence rather than discrete marker data.
Finally, despite all the precautions noted above, contamination will inevitably occur in any aDNA lab. It is a constant threat, and an inevitable result. Equally inevitable are PCR failures due to enzyme inhibitors, failures that may be overcome by repeated attempts at cleaning the samples and altering PCR profiles. This reality, too, makes reporting success rates difficult because one failed PCR does not mean that data will not ultimately be forthcoming. However, these difficulties mean that other than a final proportion of samples that yielded amplifiable and scorable DNA, no standard procedure exists for investigators to reliably report success and failure rates on individual experiments or data sets. Another single specimen that has received considerable attention is the Tyrolean Ice Man (Handt et al 1994b) . This late Neolithic individual was cryo-preserved in a high-altitude glacier. Despite the cold environment, the DNA of this sample was degraded, and no nuclear amplifications were successful, including attempts at molecular sexing. mtDNA was accessible, and the HVRI region was sequenced from clones. Heterogeneity of observed sequences indicated the presence of modem contaminants, but authentic, ancient mtDNA of the sample could be identified as a result of confirming a consensus sequence from multiple clones. Although labor intensive, this strategy is effective in authenticating ancient template (Handt  et al 1994b) . The sequence variants observed in this individual were most consistent with those common in modem populations living north of the Alps (Handt  et al 1994b) .
Similarly, the heterogeneous HVRI sequence variation observed in seven skeletons (~ 1100-1850 BP) excavated in the Netherlands represented most of the major mtDNA haplogroups of Northern Europe (Colson et al 1997) and is consistent with the highly variable HVRI sequences that characterize modem island Frisian speakers. Fily and colleagues (1998) report on HVRI and HVRII sequence variability in four Bronze Age (3700 BP) skeletons from the Basque region of southern France. The results are notable because a maternal relationship could not be ruled out for three of the samples but could be discounted for the fourth. It is, thus, possible that these four cave burials were members of a family unit, although the inference is based only on the HVRII sequence data. More important was the demonstration that the HVRI sequences obtained were not human but murine in origin. This emphasizes the need to assure specificity of primer design in aDNA research (Fily et al 1998), especially if nonhuman material of comparable age to human samples is being used as positive control samples (Richards et al 1995) .
The Americas Stone & Stoneking (1993 
East Asia
In Japan (Horai et al 1989, 1991) , HVRI data in a series of Jomon (3000-6000 BP) and "early modem" Ainu samples (200-300 BP) reveal sequence similarity to modem Japanese, and some similarity to modem Southeast Asian lineages, which the authors take to indicate a mainland origin for early Japanese. This inference must be considered preliminary because the number of ancient samples examined is only six and the age range large. Although some studies on one or two ancient samples are available (e.g. Despite small samples, such studies hold considerable promise for identifying the agents responsible for numerous reported epidemics in ancient history, for confirming specific diagnoses of paleopathological lesions in skeletal material, and, through comparison of ancient and modem microbial sequences, for providing insight into the evolution of infectious diseases at the molecular level.
Ancient Nuclear DNA
Although mtDNA is the molecule of choice for aDNA analyses due to its high copy number, single-copy nuclear DNA has been obtained in a few well-preserved specimens. Often such efforts provide insight into the history, distribution, or evolution of disease. Filon et al (1995) identified a frameshift mutation in codon 8 of the ,B-globin gene in a subadult skeleton with extensive pathology excavated at Tel Akhziv and dated to the sixteenth to nineteenth centuries. This mutation results in the ,B-null phenotype (B?-thalassemia) and usually results in early childhood mortality. Based on skeletal evidence, however, this individual lived until about age 8, substantially longer than most children did with the phenotype. The individual was also found to have a rare C --T transition in codon 2, which is associated with haplotype IV (Orkin et al 1982) , and which alleviates the course of the thalassemia by maintaining elevated levels of fetal hemoglobin. Such precision of paleopathologic diagnosis is not possible without molecular genetic analyses.
Unrelated to disease diagnosis, Zierdt et al (1996) examined a short tandem repeat polymorphism (VWA31/A) in the human von Willebrand factor gene in a series of teeth and bone samples from skeletons dating between 1200 and 1500 BP. Although on amplification both the dental and skeletal samples yielded nuclear DNA products, the success rate was higher (36%) with DNA derived from teeth than from bone (22%). Either rate is substantially lower than that typically seen with mtDNA targets (>65%). The observed frequency for this marker in the archaeological samples was comparable to that seen in modem populations of the region. Despite the success in amplifying this marker in some specimens, the results were somewhat problematic. There was an excess of homozygotes observed, which may relate to the difficulties of amplifying degraded aDNA, and attempts to amplify a second short tandem repeat resulted in substantially reduced success rates. Measurement error in measuring allele sizes for these repeat markers also proved difficult, which suggests that technical improvements of current methods may be necessary before regular screening of nuclear markers in ancient samples becomes commonplace (Ramos et al 1995) . Doran et al (1986) and Hauswirth et al (1994a,b) recovered surprisingly high-molecular-weight DNA from 7000-to 8000-year-old brain tissue preserved in crania from burials in a neutral pH peat bog in Florida. The recovered nucleic acids were successfully probed for human mtDNA and Alu repeat sequences, and sequences specifying alleles of the major histocompatibility complex, ,2 microglobulin, and the mtDNA hypervariable region were determined in a few samples. The samples here are unique in apparently yielding very-high-molecular-weight aDNA, and in the high success rate of typing nuclear genetic markers.
By far the greatest effort at accessing nuclear DNA in ancient samples has been in developing methods for molecularly sexing skeletal material. The availability of molecular methods to determine the sex of skeletal material would be a tremendous benefit to paleodemographic studies because the sex of subadults could be reliably determined, something not possible with standard morphological sexing techniques. In addition, sex of fragmentary materials, lacking traditional landmarks used for sexing adults, would also be possible. 
FUTURE PROSPECTS
aDNA research remains a difficult, labor-intensive, and expensive enterprise. It has realized considerable success, however, and as sophistication of analytical techniques continues to advance, and as more analysts become experienced in the manipulation of aDNA and detection of contamination, it holds considerable promise for aiding in the resolution of numerous problems in human population history and evolution. Many such questions in population history and paleodemography will require analysis of larger samples sizes than has been typical to date (e.g. >50), as well as routine dating of most analyzed specimens. Recent work on zoological specimens (Greenwood et al 1999) suggests that greater genetic resolution of ancient samples will be possible by focusing on nuclear sequence variation. Increasing the number and types of markers available for aDNA analysis, especially longer sequence screens (e.g. Nasidze & Stoneking 1999), combined with greater utilization of museum collections (DeGusta & White 1996), promises to make significant contributions to primate (Bailey et al 1999) and human taxonomic and evolutionary studies. genetic analyses of the Tyrolean ice man. Sci
